Isothermal drying rates and desorption isotherms of lemon juice were measured and compared with the data for a simulated lemon juice, sucrose, maltodextin and citric acid. The dr ying rates of lemon juice were much lower than the values for the simulated lemon juice and maltodextrin. Equilibrium water contents of lemon juice were much higher than those for other sugars, and similar to the values for the simulated lemon juice and citric acid.
Introduction
Various fruit juices are used for drinks, and ingredients of confectionaries and other foods. Lemon is one of the most commonly consumed fruits for drinks, cooking and confectionaries [1] . Because of the high water contents, fruits such as lemon have a rather short shelf life.
Drying is a well-known method for stabilizing food materials. Once the water content is reduced to a certain level, dried (dehydrated) materials become very stable primarily because of the low water activity (a w ) values.
Glassy-state is also an important factor for producing stable products.
Slow dr ying of sliced lemons was repor ted [2, 3] .
However, the drying rates of lemon juice have not been investigated fully. We have reported the dr ying rates (and the diffusion coefficients) of various carbohydrates by using the modified regular regime method [4] [5] [6] [7] [8] [9] . We also found that drying rates of amorphous carbohydrate solutions change in the presence of crystalline materials (salts) [8] . Therefore, it is interesting to analyze drying rates of lemon juice in terms of sugar and citric acid contents in order to know the slow drying of lemon products.
The purpose of this study is to examine the drying rate and the desorption isotherms of lemon juice. Our method developed for the regular regime drying curves [4] [5] [6] [7] [8] was applied to the iso-thermal drying experimental curves of an agar-gelled lemon juice slab shaped sample.
A simulated mixture of lemon juice was also used as a sample. The obtained data were compared with the values for other sugars or carbohydrates. Lemon juice powder is very hygroscopic and difficult to handle without additives [10] . Therefore, desorption isotherms were also measured and compared with the isotherms of other sugars and carbohydrates, a simulated lemon juice and a citric acid.
Materials and Methods

Materials
As a fresh lemon juice sample, a commercial product POKKA LEMON (POKKA SAPPORO Food & Beverage, Nagoya, Japan), was used. For comparison, a simulated lemon juice solution (18wt% citric acid, 0.9wt% fructose, 2.1wt% glucose, 0.3wt% sucrose, 0.1wt% ascorbic acid) was used. Maltodextrin (dextrose equivalent DE＝11, Pinedex #2, Matsutani Chemical Industry, Itami, Japan) was also employed. All chemicals were of analytical grade.
Sample preparation for isothermal drying
A sample solution (10-40wt%) was heated with agaragar (1wt%) until a homogeneous solution was obtained.
The solution was then injected into an aluminum dish to prepare slab shaped samples (diameter＝50 mm, depth＝ 1-5 mm) [4] [5] [6] [7] [8] . The solid weight of the sample W s was determined by drying at 378K for 4 to 5 hours in a drying oven or a known water concentration of solid powders. 
Desorption isotherm
Samples were stored in an airtight plastic box in the presence of saturated salt solutions of known water activity (a w ) values. The samples were weighed periodically. It is not easy to confirm the equilibrium of these samples as the physical properties (i.e., crystallization, rubberglass transition, etc.) change with time. So we decided to terminate the experiment when the weight loss became less than 2% per 12 hours (the total duration time was usually two to three days).
Single component desorption isotherm data were fitted by a three parameter Guggenheim-Anderson -de Boer (GAB) model [11] [12] [13] Experiments were repeated twice and the average of X was drawn in the figure with the error bar.
Drying experiment
Isothermal drying experiments were performed in a constant-air temperature box [4] [5] [6] [7] [8] . Silica gels were placed in the box to reduce the relative humidity (RH). A Testo 608-H2 (Newman Lane, UK) monitor was installed in the drying box, which can monitor RH from 2 to 98%
(accuracy ±2%). RH was maintained below 2% during experiments. The air temperature was controlled so that the sample temperature is maintained at an assigned temperature. The air temperature in the drying box was somewhat higher than the assigned value at the begin- 
. Distinct cons t a n t d r y i n g r a t e p e r i o d s w e r e n o t o b s e r v e d ,
Experiments were repeated twice. shown. In order to understand the drying rate quantitatively the drying rate F' defined by Eq. (2) Isothermal dr ying rates calculated from the dr ying curves based on Eq. (2) Desorption isotherms are shown in Fig. 3 . Lemon juice is quite hygroscopic compared with other sugars as equi- This is likely due to crystallization of citric acid. We have examined the desorption isotherms and the drying rates of amorphous sugars containing salts (crystalline materials) [8] . When the salt concentration is high in the mixture, similar data were obtained [8] . Namely, crystals do not retain water except for crystallization water whereas
Results and Discussion
EWCs of amorphous sugars are high.
For amorphous sugar or carbohydrate solutions the drying rates (and the diffusion coefficients) decreases with an increase in the molecular mass of carbohydrates [4] [5] [6] [7] [8] [9] 14, 15] . The molecular mass of the simulated lemon juice is much smaller than that of maltodextrin. Other components contained in lemon juice may contribute to the lower drying rates. Pectin may be one possible reason of the low drying rates of lemon juice. In our previous study, effects of gelling agents on drying rates of sugars were investigated [5, 6] . Agar and alginate gels did not affect the drying rates whereas pectin and gelatin lowered the drying rates markedly due to formation of dense surface skins [5] [6] . Effects of crystalline materials (citric acid in this study) on drying rates of carbohydrate solutions are complicated [8, 15] . Further studies are needed to clarify low drying rates of lemon juice.
Conclusion
The drying rates of lemon juice at 303K were much lower than the values for the simulated lemon juice and maltodextrin, especially at low water content regions.
The equilibrium water contents determined from the desorption isotherms of lemon juice were much higher than those for other sugars, and similar to the values for the simulated lemon juice and citric acid. High equilibrium water contents of lemon juice were likely due to citric acid. Further study is needed to understand slow drying rates of lemon juice. fitted GAB equations [6] [7] [8] .
